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PREFACE
Wear occurs when metal to metal contact takes place between the mat-
ing surfaces cf two machine parts in relative motion. In many service
applications the useful lives of the parts are determined by the amount
and type of wear occurring. The ability of a material to withstand the
wearing process is termed the wear resistance and is greatly influenced
by the conditions of service. The relative wear resistance of materials
can be evaluated only in service or by the use of testing apparatus which
duplicate the service conditions*
The objective of this thesis was to investigate the resistance to
wear of a plain carbon steel using an Amsler Wear Testing Machine. The
machine, one of several types specifically designed for the wear testing
of metals, was recently acquired by the Postgraduate School, and the tests
were the first to be conducted on the machine. Therefore, the project
involved the installation of the machine as well as the actual testing.
It was desired to learn if the machine was functioning properly. For
that reason the tests were patterned after tests performed on an Amsler
machine at the National Bureau of Standards by Mr. Samuel J. Rosenberg,
Metallurgist.
The writer wishes to thank his advisor, Professor Roy W. Prowell of
the United States Naval Postgraduate School, for encouragement and val-
uable assistance. Appreciation is extended to Mr. Rosenberg of the
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1. The need for wear resistance
That materials wear in use comes as a surprise to no one, for the
phenomenon seems as natural as the rising of the sun or the passing of
the seasons. We accept the fact that the children's new shoes, the new
suit of clothes, and the shiny new automobile will be gradually destroyed
by the destructive processes of wear. It has been said that
nearly everything that moves causes and is exposed to wear, simultan-
eously bringing about and undergoing progressive destruction Tl" ,#
Wear ranks with corrosion as a great destructive force to which
tals are subjected. Gillett [*2 J has defined wear asme
the undesired change of dimensions in service resulting from pres-
sure and sliding exerted by some other body.
When this dimensional change causes a machine part to fail to perform
its designed function, the useful life of the part has ended. Obviously,
any factor which can lessen the wearing rate and increase the service
life of a part is a desirable factor indeed.
The ability of a metal to withstand the destructive forces of the
wear process is termed its wear resistance. All other things being equal,
any increase of wear resistance will reduce wear ana increase the service
life. Unfortunately, the property of wear resistance is not intrinsic.
It can not be considered by itself and can not be measured and assigned
a value as can the density. Wear resistance must be evaluated always in
terms of the specific conditions of service. The relative wear resistance




of materials is best found by actual service use. This is usually
impractical in a testing program, and a number of machines have been
designed to test materials under various simulated service conditions,
2. Types of wear
With regard to metals a' number of types of wear are found to
exist, and the differences among the several classes of wear are not
always sharp. Another confusing factor is the lack of a standard
nomenclature. However, the tiny fraction of material lost in the wear
process seems to be one factor that the various types have in common.
Shidle [3 J has estimated that a five ton truck, completely worn out,
weighs only five pounds less than when new. Another writer \h J has called
wear "the tremendous trifle".
The surfaces of mating parts are not smooth but consist of peaks and
valleys in an irregular fashion. The various types of wear are explained
in terms of the behavior of these asperities. Cutting wear occurs when
a projection of one surface cuts off or breaks off an asperity of the other.
The process might be said to be analogous to machining. Abrasion wear is
a form of cutting wear. In this case loose particles between the surfaces
perform the cutting. It is evident that the tips of surface asperities
removed during cutting wear remain in the interface for a short time at
least. They in turn cause abrasion wear. Therefore, v/e may consider
cutting wear and abrasion wear to be in the sa;..e category.
As a second category, consider the effect of surfaces mating under
a normal load. Opposing surface projections meet in some instances, and
due to the very small areas involved the stress at a point of contact may
be very large. Plastic flow occurs ard very high instantaneous temperatures
2

are reached. A welding action occurs, and the terms calling, seizing,
and scuffing are descriptive of the result. Pitting often occurs as a
result of normal load and appears to be related to fatigue caused by
repeated stressing. As the name implies, pitting results in surface
pits. Way \5~1 conducted tests under rolling friction with heavy normal
loads and reported that pitting occurred only when the rolls were lub-
ricated. Spalling results in the separation of small flakes from the
surface and is sometimes similar to pitting in appearance. However,
fatigue is not involved.
3. The relationship of lubrication
Metal to metal contact of the mating surfaces of machine parts in
relative motion can be prevented by hydrodynamic lubrication. The load
is balanced by pressure developed within the lubricant which completely
separates the surfaces. Friction is due to the viscosity of the lubri-
cant alone. Although this is sometimes called thick-film lubrication,
Kingsbury \_6 J obtained hydrodynamic lubrication with a film thickness of
only 2$ micro inches. Mechanical wear does not occur as long as hydrodynamic
lubrication is maintained.
When sliding speed aecreases or the load increases, the film of
lubricant becomes thinner. If hydrodynamic pressure fails to support
the load, opposing high spots of the mating surfaces come together and
deform plastically until the area ' is sufficient to support the load. If
part of the load-supporting 'area is prevented from metallic contact by an
adsorbed film, boundary lubrication exists. Bowden and Tabor 17 J en-
visage complete support of the load by opposing surface asperities. A
small part of the load-supporting area is in metal to metal contact.
3

The remainder of this load-supportine area is separated by adsorbed
molecules of lubricant. Some wear occurs with boundary lubrication,
but it is small. The type of wear involved is the calling or welding
type, and the frictional force is the sum of the forces required to
shear the junctions formed and the lubricant film.
As long as the shearing of the junctions is accomplished at the
interface, the wear is gradual and not catastrophic. However, when the
junction proves stronger than the base of the asperity, shear occurs at
the base. Relatively large amounts of metal are plucked from the surface,
and the wear is highly damaging. It is a function of the so-called ex-
treme pressure lubricant or E. P. lubricant to provide a low-shear-
strength material between the rubbing surfaces I 6 J • A chemical is added
to the lubricant. This reacts at the surface of the metal to provide the
low-shear-strength material. Surface metal is consumed in the process,
but the wear is gradual rather than catastrophic. As before, the friction-
al force is the sum of the forces required to shear both the junctions
formed and the film of lubricant,
Shaw and Macks (_6j and Bowden and Tabor J7~j are not in complete
agreement insofar as boundary and E. P. lubrication are concerned. How-
ever, it is believed that the brief discussion above is a plausible one.
A fourth classification is dry or unlubricated friction. Bowden and
Leben |_8j observed unlubricated sliding to be a stick-slip process in-
volving the welding type of wear. The forming and breaking of the junctions
caused a violently fluctuating friction force. Bowden and Tabor [7 [con-
cluded that dry friction was the sum of the force required to shear the
junctions and a plowing force required to displace metal from in front of
k

their slider. They further concluded that the frictional force remained
proportional to the applied load only so long as the actual contact area
increased in proportion to the load. Films of metals and films of oxides
were found to eliminate this proportionality at low loads.
Extremely high coefficients of friction and excessive wear were
observed for perfectly clean metals by these investigators. However,
metals in service are never clean in this sense of the word. Adsorbed
oxides and other impurities provide protection analagous to boundary
lubrication, and the resulting frictional force and wear rate are much
lower than would be expected for a clean metal.
k» Other factors involved in the wear process
The effect of hardness on wear was considered by Holm j~9 "7 , who
concluded that where the true area of contact was proportional to the
applied load, the weight of the material worn away should be directly
proportional to the applied load and to the distance traveled and
inversely proportional to the hardness.
Surface finish can be very important in some instances. Lane 1 h I
reported that extreme smoothness of cylinder bores resulted in increased
galling of piston rings due to wear-in difficulties of the piston rings.
Some degree of surface irregularities seems to aid in retaining lubricant.
A process called superfinishing I lOJ was reported to result in greatly
increased service lives for automotive parts. In this process a very
thin layer of material is removed by a lapping operation performed at
extremely light pressure.' The operation supposedly removes material .
left in a highly stressed condition by machining and grinding operations*
An important factor in the wear resistance of mating surfaces is the
5

degree of affinity of the two metals for one another. Like metals tend
to form the welds at the interface readily, and certain pairs of dis-
similar metals have high score-resistance
^6J . The welding action can
be explained in terms of the high stresses and flashes of temperature
during plastic flow, but evidently an adhesion phenomenon is involved
also.
The oxidation of wearing surfaces influences the degree of wear
considerably. One effect is preventing the actual contact area from
increasing proportionally to load [7J . Loose oxide particles cause
abrasive wear. In some cases oxides exert a protective influence upon
a surface I 11 / • Fink [12 J concluded that wear oxidation was a separate
type of wear to be ranked with cutting and welding.
5. Wear testing
Inasmuch as many variables are involved in the wear process, no
single testing machine can be used to evaluate the wear resistance of
materials for all conditions of service. The conditions of service must
be simulated for a test to have any meaning, and usually any attempt to
exaggerate service conditions to shorten the testing cycle will introduce
new variables 1 lj»
Many different machines are on the market for testing the wear of
metal against metal. Others simulate service applications of metal
against a nonmetal or abrasive [ 1 J . One of trie oldest and most widely
used testing machines is the Arr.sler Wear Testing Machine, which is
described in detail in Appendix I.
Many investigators have reported the results of tests on the Amsler
machine. Rosenberg 111 conducted an extensive investigation of the
6

variations in the wear resistance of plain carbon steels with increasing
carbon contents, various heat treatments, and different conditions of
loading. Fink
J
12 j reported some rather astonishing results on his
investigation of the effect of oxidation. Running steel against steel
in air with one per cent slip and $0 kg. load, he obtained 0.1802 grains
weight lost. He then conducted the same test in an atmosphere of nit-
rogen from which oxygen had been carefully removed. This time he measured
0.0000 grams of weight lost. Rosenberg \J-3] attempted duplication of
Fink's work and obtained appreciable rates of wear on tests conducted




1. The Amsler Wear Testing Machine
All tests were performed on an Amsler Wear Testing Machine lh,lj» L
This machine, manufactured by Alfred J. Amsler and Company, Schaffhouse,
Switzerland, is designed for the wear testing of metals under a wide va-
riety of test conditions. Fig. 1 is a photograph of the machine, and a
detailed description of the machine, its accessories, and various config-
urations is offered in Appendix I.
In the author's tests cylindrical test pieces were mounted on the
parallel shafts of the machine. These shafts were driven by a single
»
electric motor through a system of gearing and rotated in opposite di-
rections. The speeds were about 200 r.p.m. and 180 r.p.m. for the lower
and upper shafts respectively. A known normal force was introduced along
the line of contact of the specimens. Thus, in addition to rolling fric-
tion a tangential frictional force acted at the line of contact because
of the speed difference. The upper specimen was caused to reciprocate
axially, and therefore, a constantly varying, longitudinal frictional
force was also introduced at the line of contact.
A Veeder counter was geared to the lower shaft and indicated rev-
olutions of the lower specimen. A dynamometer, located between the low-
er shaft and the electric motor, indicated the torsional moment required
to turn the lower specimen. This moment and an angular velocity propor-
tional to that of the lower shaft were inputs to an integrating mechanism.
Another counter on the integrator indicated the total frictional work
8

Fig, 1. The Amsler Wear Testing Machine

transmitted by the lower specimen.
2. Test specimens and miscellaneous equipment
the specimens used in the tests were hardened steel discs measur-
ing two inches in diameter and O.liO inches in thickness. A 16 milli-
meter hole at the center of each disc permitted attachment to the ma-
chine.
Before and between test runs the specimens were protected against
rusting by storing them in a large glass desiccator which was charged
with silica jel.
Loss of specimen weight was the manifestation of wear used in the
tests. An analytical balance was used to weigh the specimens before and
after each test interval. The specimens were cleaned in ethyl alcohol





1. Preparation of specimens
All specimens were manufactured from a single length of 2\ inch
round, cold-rolled and annealed, tool steel. The material used was
plain carbon steel of approximately 0.85 per cent carbon content. No
analysis of the stock was obtained.
The specimens were machined 0.02 inches oversize by the machine
shop prior to heat treatment. The center hole was drilled undersize
inasmuch as it was learned from a pilot run that the inner diameter
increased slightly during heat treatment.
The heat treatment was performed by the author and was similar to
that used by Rosenberg [ill at the Bureau of Standards. The test pieces
were given a uniform normalizing and hardening treatment. Eleven of the
specimens were given various tempering treatments to obtain a range of
hardness for one phase of the testing. The others received similar
tempering treatments. A detailed account of the heat treatment is pre-
sented in Appendix II.
After heat treatment the specimens were returned to the machine
shop for finish grinding and reaming. The sides were surface ground to
O.UO inches thickness, and the center hole was reamed to a diameter of
16 millimeters. Since the discs must fit snugly on the shafts of the
machine, this dimension is a critical one, and a special reamer was
procured for the operation. After reaming, the discs were mounted on
a work arbor and wet ground to an outer diameter of 2.000 inches.
11

The hardness of the finished specimens was obtained using a
Wilson Rockwell Hardness Tester. Several measurements were taken on
a flat side of each disc as close to the periphery as was possible.
Many of the test pieces showed considerable variation of hardness,
and it was decided to perform tests on only those specimens with a
reasonably uniform hardness. Hardness measurement data is tabulated
in Appendix II.
The surface finish characteristics of nine representative speci-
mens were examined using a Brush Model BL-103 Surface Analyzer [16J
•
Maximum roughness for the nine test pieces inspected varied from 275
to 375> micro inches, and the average maximum roughness was 327 micro-
inches. All specimens were similarly ground, and since those surfaces
examined had maximum roughnesses of the same order of magnitude, no
attempt was made to correlate wear and initial surface finish.
2. Conduct of the wear tests
Twenty-four runs were made, and at the beginning of Appendix III
is a tabular presentation of the general scheme followed. Runs 1 thru
13 and 22 thru 2k investigated the effect of varying the load on speci-
mens of uniform hardness. Runs U4 thru 21 were designed for determining
the result of applying a standard 60 kg. load to upper specimens of vary-
ing hardness. The tests were patterned after a portion of the work of
Rosenberg [ill
.
The procedure for all runs was essentially the same. The two speci-
mens to be tested were washed in ethyl alcohol and permitted to dry.
Each was then weighed on the analytical balance. The discs were mounted
on the shafts of the Ansler machine using paper washers, and the retaining
12

nuts were tightened. At all times care was exercised to keep oil and
other foreign matter from the wearing surfaces of the specimens.
The counter of the integrating mechanism was zeroed manually, and
the proper weights and scale were fitted to the dynamometer. The swing
was gently lowered until the upper specimen came to rest on the lower
test disc, and the desired load was applied. Load in kilograms was
indicated on a scale attached to the calibrated spring. The existing
reading on the revolution counter was noted. The machine was started,
and the test began.
When five thousand revolutions of the lower specimen had taken
place, the machine was stopped. The integrator counter reading was
recorded, and the test pieces were removed, washed in alcohol, per-
mitted to dry, and weighed on the analytical balance. The discs were
then replaced on the machine which was restarted and run for another
five thousand revolutions.
A five thousand revolution test interval required about 25 minutes,
and the manipulations between such periods of test took about six minutes.
Except for Runs 5 and 6 the duration of the runs for the tests of uniform
hardness was 50,000 revolutions. Runs 5 and 6 were at light load and
continued for 135*000 and 200,000 revolutions respectively. In many
runs the 35*000 and U5*000 revolution readings were omitted, anu in a
few cases the i;0,000 revolution reading was also omitted.
Specimens of different hardnesses were placed on the upper shaft
during eight runs. These specimens ran against lower discs of uniform
hardness, and a standard load of 60 kg. was applied. In this series of
runs each test proceeded without interruption for about 15,000 revolutions
13

until 100,000 meter-kilograms of frictional work was indicated by the
counter of the integrating mechanism.
For Runs 1 thru 22 the diameter of the specimens was 2.000 inches.
However, for the final two runs four previously tested specimens were
reground to diameters of 1.985 inches and reused.
3. Use of the swing balancing arrangement
The weight of the swing which supports and drives the upper speci-
men is considerable. For runs at low loads the weight of the swing is
balanced by a counterweight and pulley arrangement, and a smaller spring
is used. This configuration of the machine was used for Runs 5> 6, and
22. Runs 5 and 6 were performed at indicated loads of 20 kg. and 10 kg.
respectively. However, it was determined that the swing balancing arrange-
ment did not equilibrate but instead overcompensated for the weight of the
swing. Thus, the effective normal loads were much less for Runs 5 and 6
than those indicated by the scale of the calibrated spring.
For Run 22 at 20 kg. the counterweight and pulley arrangement was
used, and additional weight was added to the top of the swing to bring
it to the point of equilibrium. These three runs at low loads and a
method for improving the swing balancing arrangement are cdscussed in
the next section.
h. Calculation of effective loads
The swing was balanced for Run 22 by adding I4.6 kg. to the top of
the swing. These additional weights were so positioned that a moment of
approximately 28.5 kg. -in. was applied to the swing about the swing bear-
ings. The line of contact for the two inch specimens was 5.17 in. from








or 5»5 kg. With the swing balanced Run 22 was performed at 20 kg.
indicated and effective load. However, the swing was not balanced lor
Runs 5 and 6, and the indicated loads for those runs must be reduced
by 5.5 kg. to obtain the effective loads. This reduction results in
effective loads of llw5 kg. and u.5 kg. for Runs 5 and 6 respectively.
An additional weight of one kilogram was placed on the swing for
the three runs at low loads. This running weight, as it is called by
the manufacturer, compensates for the change in the position of the
center of gravity of the swing when specimens 1.62 in. or greater in
diameter are used. As placed during Runs 5 and 6, this weight applied
a moment of 12.5 kg. -in. to the swing about the swing bearings. This
weight was inadvertently left on the machine when the swing balancing
accessories were removed from the swing after the completion of Run 6.
It remained on the machine during Runs 7 thru 11, and thus the indicated
12 S kf —in
loads for those runs must be increased by —
—
^
— or about 2.k kg.
5.17 in.
to obtain the effective loads.
The swing balancing arrangement should be modified before the
machine is again used at low loads. The moment applied about the swing
bearings by the counterweight is about 2c.5 kg. -in. greater than it
should be. By means of the pulley and strap the counterweight exerts
on the swing a vertically upward force of 16.5 kg. The perpendicular
distance from the swing bearings to the line of action of this force
is 7.8 in. Thus, the amount of material to be removed from the counter-
28.5 kp.-in.
weight should weigh — or about 3.5 kg. This is equivalent
7.8 in.
to about 8 lbs., but it is recommended that material weighing slightly
more than this be removed from the counterweight. Final balancing can
15

be done by adding material a bit at a time until the point of equilib-
rium is reached.
It was not understood why balancing of the counterweight system
was not accomplished at the factory. Since it would be advantageous
to have the machine balanced for the size specimens most usually employ-
ed, it is possible that the manufacturer wished to give an American pur-
chaser the opportunity of balancing his own machine for the size speci-
mens to be used as standard by him,
5. Data and data reduction
Data taken at each test interval included the revolution counter
reading, the integrator counter reading, and the weights of the two
test specimens. During the initial £000 revolution test interval of
Runs 1 thru 6 readings of the integrator counter and the torsional
J*
moment vs. revolutions were taken frequently without stopping the
machine. Since the rate of work with respect to revolutions did not
change abruptly during the initial interval of testing, these latter
readings were discontinued after Run 6,
Data reduction was relatively simple and was accomplished as the
testing proceeded. The revolution counter indicated total machine
revolutions, ana the number of test revolutions was obtained by subtrac-
tion. Total frictional work was calculated by multiplying the integrator
counter reading by the value of the dynamometer scale as explained in
Appendix I. Wear in terms of specimen weight lost was obtained by sub-
tracting the weight found at the end of each test interval from the
initial weight.
In a few cases it was neccessary to add weight to the dynamometer
16

pendulum during a test interval when the torsional moment increased to
the limit of the scale. The readings of the integrator and revolution
counters were noted at the time of the change, and an additional calcu-
lation was made to take into account this change of scale. Changing
scales diet not require stopping the machine,
•For each of the runs using specimens of uniform hardness upper
specimen weight loss, lower specimen weight loss, and frictional work
were plotted against revolutions, and upper wear was plotted against
frictional work. These curves and the test data for each run constitute
Appendix III. These curves and data were used to prepare the curves of
results contained in Chapter IV.
6. Calculation of the contact stresses
The maximum principle contact stress at the line of contact was
calculated for the various normal loaas. The method used |17 j gave
results in close agreement with Rosenberg ] 11 [ . The calculations and
results are appended as Appendix IV.
However, this method is applicable to the case of cylinders in line
contact with only a normal force acting. In the case of the test speci-
mens the final coefficients of friction were about O.b or greater. With
this large a tangential force acting, the principle stresses at the line
of contact are very much greater tnan the maximum principle stress cal-
culated for the ease of normal force only. Tensile stresses as well as
compressive stresses are present. In aduition to this, the point of
maximum shearing stress has moved from a few thousandths of an inch
below the surface to the surface 17 I .
As a final complication to the problem, one must consider the
17

effect of the variable axial fricticnal force introduced by the
reciprocation of the swing. The resulting problem is one with forces
acting in three dimensions, and the solution was not attempted.
7. Additional comments
Only a single casualty occurred during the testing. At the end
of Run 18 the lower specimen could not be removed from the shaft of
the machine. Removal was finally accomplished using a small wheel
puller ana was not difficult in itself. However, the operation involved
partial disassembly of the machine, and this took considerable time.
No positive reason can be given for the cause of the casualty. Some
heating of the specimens resulted from the testing, and perhaps in this
instance the heating caused a relief of internal stresses remaining from
the heat treatment. This stress relief could than have resulted in a
slight change of dimensions.
Near the conclusion of the testing the roundness of the test pieces
was checked with a dial indicator by a machinist during a search for the
cause of a slight vertical reciprocation of the swing. Checks on six
sample specimens showed that the specimens were 0.003 inches out-of-
round. It was subsequently learned that the work arbor used in the
final grinding of the specimens had not been a snug fit. No attempt
was made to evaluate the effect of out-of-roundness of the specimens
on the test results.
The manufacturer's instructions indicate the addition of a small
braking element to the swing drive mechanism of the machine for cases
when the axially reciprocating motion is used. This element was not
delivered with the machine and was ordered from the manufacturer's
18

agent. However, it did not arrive from Switzerland until testing
was nearly completed, and all tests were made without it. Without the
braking element the angular velocity of the eccentric cam causing re-
ciprocation of the swing is not uniform. No attenpt was made to evalu-






From an analysis of the test data it was determined that the
wear of the steel tested varied greatly depending upon the specimen
hardness and the normal load. However, from an observer 1 s viewpoint
the apparent behavior of each of the runs was quite similar.
In all cases extensive oxidation or scaling of the specimens
occurred. The amount of scale or film formed was always greater on the
lower, more rapidly turning test piece. As the run proceeded an upper
specimen became smoother and shinier, and a lower specimen reached a
fairly uniform ^reddish-black color. A photograph, Fig. 2 on the follow-
ing page, enables a comparison of upper and lower specimens.
The general behavior of the frictional force, as measured by the
dynamometer, was also similar during the 2I4. runs. At the start of a
run the tangential frictional force quickly assumed a steady, low value.
After a short and variable period of testing the frictional force began
steadily and smoothly increasing in magnitude over a much longer but
also variable test period. Upon attaining nearly the final average
value the frictional force be;:an oscillating, ana these oscillations
continued for the remainaer of the test. As indicated by the smooth
curves drawn of frictional work vs. revolutions, the average frictional
force during the latter interval was constant. Th( yeriod of the
oscillations, as indicated by the rather violent swings of the dyna-







Spec/mea/s before testing-. Note the
appearance of the original gftolm/d surface.
Upper specimens after testing-. The film
is thin after so.ooo revolutions.
Lower specimens after testing. The film
IS HEAVY AFTER SO.OOO REVOLUTIONS.
Load 52.4 Kilograms
Fig. 2. Appearance of the test specimens
21

was found between this period and that of the swing reciprocations.
Generally, the dynamometer was arranged for the 1^0 kg. -cm. scale
before commencing a test run, and changes in the torsional moment in
the initial few hundred revolutions were not readily apparent. However,
for Run 6 the test was begun with the dynamometer set on the 10 kg. -cm.
scale. Torsional moment for this low load run was observed to hold
steady at k»5 kg. -cm. for a few seconds after the swinging of the dyna-
mometer due to starting the machine had damped. Torsional moment then
dropped to a value of slightly over U.O kg. -cm., and there it remained
for nearly four hundred revolutions before commencing the smooth and
steady increase described above. It is believed that this small decrease
occurred unobserved during the other runs and was indicative of the com-
pletion of the wearing in of the test pieces.
It is unfortunate that a detailed record was not kept of the counter
readings when pronounced changes in the torsional moment and dynamometer
behavior occurred. At the time of performing the tests the only data
believed important were revolution counter reading, integrator counter
reading, and specimen weights. While these three items are useful in
evaluating the relative wear resistance of a material, they are by them-
selves of little use in a determination of just how the phenomenon of
wear took place,
2. Frictional work and the coefficient of friction
Fig. 3 illustrates the variation of total frictional work with
lower specimen revolutions during the initial thousand revolutions of
Runs 1 thru 6. Fig. i| and Fig. $ provide the same information for £000
















were obtained from integrator counter readings at each test point. An
explanation of the operation oi' the integrating mechanism is undertaken
in Appendix I. Similar curves for each of the tests of discs of uniform
hardness are presented in Appendix III with the test data.
Figs, 3, k t and 5 are presented here to show the increase of the
rates of work with respect to revolutions from initial small to final
large and constant values. These slopes are proportional to the tangen-
tial frictional force. Since the ratio of the tangential frictional
force to the normal force is the coefficient of friction, this phase of
the test results was consiaered an important indication of the changes
taking place during the wear process.
It will be observed that the slope of each curve increases to a
constant, final value. These slopes are the rates of work with respect
to revolutions or distance traveled, and a sample calculation will illus-
trate the procedure followed in obtaining the final coefficients of fric-
tion for the 16 runs.
In Fig. 5 the value of the final slope for Run 1 is 7.U5 kilometer-
kilograms per thousand revolutions or 7lo centimeter-kilograms per re-
volution. The tangential frictional force is applied thru a distance
of 2TTx 2.5k cm. per revolution for the case of two inch diameter test
pieces. Therefore, the average frictional force corresponding to the
slope under consideration is *" ^' ~or U6.7 kilograms. The
2 x 2 oi; cm.
normal load for Run 1 was 60 kg. Thus, the final coefficient for Run 1
was 0.77Q. Similar calculations were made for Runs 2 thru 13 and for
Runs 22 thru 2k > and the results appear in Fig. 6.













initial coefficients of friction were computed. Presumedly, this
coefficient of friction pertains to the short tine interval between
the rather immediate wearing in process ana the increase in oxidation
of the test pieces. The initial torsional moment in kilogram-centimeters
divided by the radius of the lower specimen in centimeters gave the
frictional force in kilograms. The initial coefficients of friction are
also plotted against normal load in Fig. 6.
Fig. 6 illustrates a definite deviation from Amontons's second law I 6J •
This so-called law states that the coefficient of friction is independent
of the load. It holds for a wide variety of experimental conditions
involving clean surfaces and for surfaces lubricated under boundary
conditions. However, as Bowden a:id Tabor \7J point out, the law holds
only when an increase in load causes a proportionate increase in the
actual or intimate area of contact. An oxide film on the surfaces would
presumably prevent this increase. Fig. 6 shows that the greater deviation
from Amontons's law occurs in the case of the final coefficients of fric-
tion when the scale is quite heavy. For the curve of initial coefficients
of friction vs. load the deviation is less pronounced. At that time no
increase in oxidation was apparent, but the specimens were not clean in
the laboratory sense of the word. Evidently, the adsorbeo oxides were
enough to cause the sli ;ht deviation from Amontons's law observed at low
loads,
3. The effect of work on the wear
For the 16 runs conducted with specimens of uniform hardness it was
found that the wear of the upper specimen was linearly related to the























































were determined and are plotted against the normal load in Fig. 7.
The rates- at first appeared to vary ranaomly within fairly narrow limits,
but a smooth curve was drawn to show a decreasing wear rate with increas-
ing load. This is in agreement with the results of Rosenberg |_11J >
although in his curve the decreasing wear rate with increasing load is
much more evident. For the sake of comparison, Rosenberg's results are
also plotted in Fig. 7. His tests were conducted using an Amsler machine
and two inch discs, and the results plotted are for tests performed on
plain carbon steel of 0.81 per cent carbon. The present author's tests
were largely patterned after those of Rosenberg's, and the specimens
were given a smilar heat treatment. Yet, though the material was suppos-
edly of nearly the same composition, a striking difference in the rates
of upper wear with respect to work is apparent.
Rosenberg reported that the rate of lower specimen wear with respect
to work increased with load. In the 16 runs performed with specimens of
uniform hardness by the present author it was found that the relationship
between lower specimen wear and work was rarely linear. Therefore, no
attempt has been made to plot lower wear rates on Fig. 7»
Figs. 8 and 9 show the relationship of work and upper ana lower
specimen wear. The figures were obtained by plotting all of the wear
data against the corresponding data for frictional work.
Lu The effect of hardness on upper specimen wear
The hardness of the upper specimen had a pronounced effect on the
wear of the upper specimen, and this effect is illustrated graphically
in Fig. 10. Upper specimen weight loss during the initial 100 kilometer-
kilograms of work is plotted against upper specimen hardness. Runs 1,
30































































13 thru 21, 23 and 2k are reflected on the curve. The load was 60 kg.
in each instance, and lower specimens of uniform hardness were used.
It will be observed that the wear resistance of the hardest specimens
was nearly twenty times greater than the wear resistance of the softest
specimens.
It may be of interest to note that the number of revolutions required
to obtain 100 kilometer-kilograms of work at 60 kg. load was very close to
15,000 regardless of tne amount of wear occurring. Since the work is the
result of the frictional force operating over a distance, it can be con-
cluded that the coefficient of friction is independent of the magnitude
of the wear involved under the test conditions at least.
5. The effect of the distance traveled on the wear
Fig. 11 consists of eight curves for representative loads, and the
linear relationship between upper wear and revolutions or distance travel-
ed is shown. Obviously, a correlation exists among this linear relation-
ship, the linear work vs. revolutions curves, ana the linear upper wear
vs. work curves in Appenaix III.
The rates of upper wear with respect to distance traveled were
calculated for the 16 runs at uniform hardness, and these rates are plott-
ed against the normal load in Fig. 12. The relationship between this
rate and the normal load appears to be linear over the range of the test
data.
Lower specimen wear also increased with increasing load, but as
stated earlier, the lower wear vs. revolutions curve was rarely linear
for very long. Therefore, no effort was made to derive the lower wear
rates with respect to distance traveled.
3k

Fig. 11. Upper wear vs. distance traveled
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6. Duplication of test results
Fig. 13 offers for comparison the results of wear vs. revolutions
for Runs 1 and 13. Both runs were performed on specimens of nearly the
same average hardness and were conducted using a normal load of 60 kg.
As is readily evident, the duplication of results was not close. Close
agreement was obtained for the curves of work vs. revolutions, but these
curves were not drawn to avoid confusion. No effort was made to control
the relative humidity of the test room, and since relative humidity would
perhaps influence the degree of oxidation, this may be the reason for the
disagreement.
In any repetition of a run made one may expect that the coefficient
of friction, the rate of upper wear with respect to work, the rate of
upper wear with respect to distance traveled, and the work vs revolutions
curve will be closely the same as before. However, due to relative humid-
ity and other variables it is likely that the other curves will not be
coincident with the earlier curves.
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Fig. 13. A comparison of i similar run$ at 60 kg.
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From the results of the 2k test runs the following conclusions are
drawn. The conclusions are applicable to the material tested under the
conditions of the tests. No conclusions may be drawn for this material
under other conditions of operation.
The rate of work with respect to distance traveled was essentially
independent of the upper hardness. The coefficient of friction was
essentially independent of the hardness of the upper specimen. The rate
of work with respect to distance traveled and the coefficient of friction
were independent of the apparent area of contact during the early part of
each run. During this phase of each run these itens increased smoothly
without observed fluctuations from relatively low initial values to rela-
tively high final average values. These final average values of the rate
of work with respect to distance traveled and the coefficient of friction
were indepenaent of the distance traveled, and the interval where this
constancy prevailed constituted the bulk of each test run. During this
period the instantaneous values of the rate of work with respect to the
distance traveled and the coefficient of friction were not constant but
oscillated considerably. The frequency of oscillations was not measured
but was essentially constant during any single run. The period of the
oscillations was of the magnitude of one second. Neither the initial
nor the average final coefficients of friction obeyed Amontons's second
law. Both coefficients of friction increased sharply at low loads.
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The rate of upper wear with respect to work increased sharply with
decreasing hardness. This rate was nearly independent of the normal load,
decreasing only slightly as the load increased.
The rate of upper wear with respect to the distance traveled was dir-
er tly proportional to the normal load and inversely proportional to the
hardness of the upper specimen. This rate was essentially independent of
the coefficient of friction.
The coefficient of friction, the rate of upper wear with respect to
work, the rate of upper wear with respect to the distance traveled, and
the work vs. revolutions curve were essentially the same for different
runs performed under similar conditions of loading and hardness. How-
ever, duplication was not obtained for curves of upper and lower wear vs.
revolutions.
The relationship between lower wear and revolutions was rarely uni-
form. Often the weight increased slightly during the first five or ten
thousand revolutions. Generally, the lower specimen lost less weight
during any test interval than the upper specimen. In all cases the film
of oxides was greater on the lower specimen than on the upper specimen.
The swing balancing arrangement of the testing machine did not
equilibrate the weight of the swing for low load tests. With this lone
exception it can be stated that the machine operated satisfactorily.
The integrating mechanism gave excellent results, ana the initial zero-





1. Modification of the testing machine
It is recomiriendea that the counterweight system be modified as out-
lined in Chapter III before the machine is used again for tests at low
loads. Unless it is foreseen that the machine will be used to test speci-
mens a good deal smaller than two inches in diameter, it is recommended
that the counterweight system be balanced for two inch specimens to facil-
itate future testing. Such balancing would not preclude the testing of
smaller specimens, for in that event weight could be addea to the cavity
in the counterweight.
Installation of a limit switch would permit continuous, long-time
testing to proceed with the machine left unattended. As explained in
Chapter IV, an oscillating torsional moment occurs after the testing has
reached a certain phase. The swings of the dynamometer pendulum which
result from this oscillation become quite violent when high frictional
forces are present. Occasionally the weights of the pendulum, will strike
the underside of the machine bed, and an operator should be in attendance
to prevent damage to the machine. A suitable switch fastened to the point
of dynamometer contact at the underside of the machine bed could open the
power supply ana thus turn off the machine. With such an accessory an
operator woula be required only for making adjustments to the machine and
for recording data.
The revolution counter of the machine was damaged during shipment
from the factory. It perforins its designed function well, but it is
Ul

likely that operation in its present condition will lessen the expected
service life. A new unit should be ordered from the manufacturer's agent,
and it will then be available when needed.
2. Use of the Surface Analyzer
The Brush Surface Analyzer with its recorder and amplifier provides
a magnified profile of the surface characteristics analyzed. An acces-
sory, the averaging meter, was received without the proper connectors.
This latter unit gives the average roughness or root-mean-squared value
of roughness as aesired for the surface measured. It is believed that
either of these roughness readings could be useful in a study of the
effect of surface finish on the wear resistance of a metal, without the
averaging meter the value of the equipment in connection with wear test-
ing is questionable, for it is believed that the effect of any few sharp
peaks affect the torsional moment of the machine for only a few revolu-
tions. Yet it is the sharp peaks which give the maximum roughness read-
ing.
It is recommended that no study of the effect of initial surface
finish on wear be undertaken without including specimens which have been
superfinished. This relatively new method of preparing smooth surfaces
is claimed by its proponents to have a paramount influence in increasing
the wear resistance of internal combustion engines and other applications
where lubrication is a problem.
3. Proposed tests
It would be most interesting to investigate tne effect of various
liquids on the rate of wear with respect to work. It is believed that
the rates of upper wear with respect to the frictional work would be
U2

very similar regardless oi' the medium used. Obviously, many more revolu-
tions would be required to perform a given unit of work, but it is believ-
ed that the wear rates would be the same for a given material with a given
hardness.
Duplication of the apparatus and tests of Fink
j 12 presents a chal-
lenge. In Amsler tests of steel at one per cent slip and i?0 kg. normal
load, Fink obtained considerable wear and oxidation over a test interval.
He then performed the same test in a nitrogen atmosphere ana reported
0.0000 grams loss. American investigators [13 j have attempted to dup-
licate his results, but it is not believed that any have succeeded.
Tests in an inert atmosphere might also be attempted.
It is recommended that for most testing greater attention be devoted
to the behavior during the first few thousand revolutions. Long-time tests
can determine the relative resistance to wear oi a number of metals, but
once extensive oxidation has commenced, it is believed that the wear pro-
cess is closely related to grinding, and little of fundamental importance
is apt to be discovered. In any event appropriate counter readings should
be taken when the torsional moment commences to oscilla+e. This probably
has some simple relationship to the oxidation process.
One final suitable project that comes to mind would be an investiga-
tion of the wear resistance of teflon covered steel test pieces. Bowden
and Tabor |7 ( report that tne frictional properties of teflon are very
good, and compare it to ice on ice. The coefficient of friction is re-
ported as O.Oi; without lubrication.
U. Procurement of specimens
It was learned that obtaining a specific specimen material was quite
U3

difficult, and that where a thesis project is involved, a second best
material is better than none. It is believed that for many investiga-
tions of the wear and friction phenomena the specific material is not
too important. An analysis of the material should be requested, how-
ever. Since hardness is of such great importance, no effort should be
spared to obtain uniform hardening. In the author's tests uniform
hardness was a relative term only. Because of non-uniform heat treat-
ment or poor procedures considerable variation existed among the speci-
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THE AMSLER WEAR TESTING MACHINE
Only two of the many possible configurations of the Amsler machine
were used for the author's tests. The purpose of this appendix is to
describe other arrangements of the machine Hj. and to discuss certain
features of the machine in greater detail than was done in the text.
Fig. li|, which appears on the next page, is a photograph of the testing
machine.
In, the author's tests the machine was arranged to provide a com-
bination 01 rolling and sliding friction. The reciprocating axial mo-
tion of the upper specimen was used at all times. Although different
loads were applied and while different dynamometer scales were used,
the only major change imposed was the use of the swing balancing arrange-
ment and weak springy for three of the runs.
In addition to the axially reciprocating motion of the swing and
uj.per specimen, the machine can impose a vertically reciprocating mo-
tion upon the swing and upper specimen. In this case the load is period-
ically applied and removed, arid tests under conditions of impact loading
can be conducted. The vertical motion of the swing can be obtained with-
out the horizontal motion. Naturally, tests can be conducted with neither
of these periodic motions if desired.
One can select either of two possible frequencies for this periodic
motion. Since the manufacturer recommends the use of lew speed of the
swing for tests where the swing balancing arrangement is to be used, this
speed was used in the tests. In addition to the two swing drive speeds
kl
















Larg-e Spring and Loal c ^a^e
Revolution ^? jnter





Diagram R eccrl er
Load Alcto^tment
Counter we/*ht
\The Swing &*lancih+ Arrangement is not *Ho*fj.)
Fig. Hu Features of the Amsler machine
U8

mentioned above, the operator can choose either of two speeds for the
electric drive motor. Low speed, which was the speed used in the tests,
is about 200 r.p.m. , and high speed is twice the lower speed. Operating
the machine at high speed would double the frequency of the swing motion
as well as the speed of the test pieces.
By shifting gears the rotation of the upper shaft can be reversed.
Greatly increased slip is then obtained, for the specimens are rotating
in the same direct. on. Another gear change permits tests of sliding fric-
tion alone. The upper shaft is locked, and the upper specimen coula be
made in the form of a sliuer or of a shoe rather than a disc. Still an-
other arrangement of the gears permits the upper shaft to rotate freely,
and the wear under conditions of pure rolling friction could be tested.
All gear changes are speedily accomplished. The only tool needed is a
screwdriver, ana the time required to make a change is about a minute.
The specimens can be run without lubrication as in the tests des-
cribed herein. Accessories can be installed to add a metered amount of
abrasive to the line of specimen contact. A reciprocating linkage stirs
the abrasive and aids uniform flow, Other means are provided for supply-
ing the test pieces with oil or other liquid and for collecting the ex-
cess lubricant.
The instantaneous torsional moment required to turn the lower speci-
men is trie product of tangential friction and lower specimen radius. This
moment is measured by a dynamometer, by changing weights and scales the
operator can measure moments in the 0-10 kg. -cm., 0-50 kg. -cm., 0-100 kg.«
cm. , and 0-l>0 kg. -cm. ranges. The 150 kg. -cm. value of torsional moment
is a top limit for the operation of the machine, for beyond that point
U9

dynamometer travel is prevented by the undersiae of the machine bed.
Greater moments can not be measured, and moments greatly in excess of
150 kg. -cm, would surely damage the machine.
The radius of the lower test piece is a constant for a given test.
Therefore, it is really the tangential frictional force which limits
the severity of the test. This is a function of the coefficient of fric-
tion as well as the applied load. Thus, the maximum load which can be
applied during a given test is limited by the conditions of the test.
The spring is calibrated to 200 kg., but it seems likely that this high
a load could be applied only to lubricated specimens where the coeffi-
cient of friction would be small. Rosenberg I 11 j used a top loaa of
80 kg. in his tests of unlubricated steel discs. The present author
attempted to duplicate this part of Rosenberg's work, but it was found
that the maximum load which could be applied without reaching the limit
of the machine usea was about 6i> kg.
The total frictional work transmitted by the lower specimen is given
by a Veeder counter which is actuated by the roller of an integrating mech-
anism. The roller rests on a horizontal, circular plate which is geared to
turn 1.62 times for one hundred revolutions of the lower specimen. The
axes of the roller and plate are at right angles. The roller is linked
to the dynamometer in such a way that its position varies from the center
of the plate to a point 80 mm. from the center depending on the torsional
moment. When there is no tangential friction, there is no torsional mo-
ment, and the roller will be at the center of the plate where it does not
turn. The lack of motion of the counter indicates that no work is being
performed. However, at full dynamometer deflection the roller is displaced
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80 mm. from the center where it turns rapidly and gives the maximum
indication of work.
The diameter of the roller is I4I.3 mm., and thus, for one revolu-
tion of the plate the roller turns x—i— = 3»8?U times in the case
ill.
3
of full dynamometer deflection. For one hundred lower specimen revolu-
tions the plate turns 1.62 times, and in the case of full deflection of
the dynamometer the roller will then turn 1.62 x 3 .87U = 6.26 2TT times.
For lesser values of torsional moment, m, the roller will turn 2TTx
M
times for each hundred revolutions of the lower test piece. Here M is
the torsional moment at full dynamometer deflection and would be 10, 50,
100, or 15 kg. -cm. depending the scale used.
The work transmitted by the lower specimen in one revolution is the
product of distance traveled, 2 7Tr, and the tangential frictional force,
F. Where r, the lower specimen radius, is measured in centimeters and
F is measured in kilogrars, the work per hundred revolutions is 100 x
2TTr x F cm. -kg.
Dividing work, 100 x 2TT r x F cm. -kg. per hundred revolutions of the
lower specimen, by the roller indication, 2TTx turns per hundred lower
M
100 x r x F x M
specimen revolutions, one obtains the integrator constant; —zZ-
m
cm. -kg. per roller turn.
However, m = r x F. Therefore, the integrator constant is 100 M cm. -kg,
per turn. A more convenient unit of work is the meter-kilo,;ram, and to ob-
tain work in m.-kg., one need only multiply the value of the integrator
counter by M, the dynamometer scale.
The roller of the integrator can be relocated on the machine to give
an indication of specimen wear. In this case the roller bears on the
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lower specimen which is turned one hundred times with the upper speci-
men disengaged. Since the diameter of the roller is I4I.3 mm., observa-
tion of the change in counter reading will enable calculation of the
specimen diameter. In this case reduction of diameter would be the man-
ifestation of wear. However, the easiest method of measuring wear is
weighing the test pieces before and after testing.
Provision is made for zeroing the dynamometer and the integrator.
The adjustments are made separately with the machine running and the
test pieces disengaged. Dynamometer accuracy can be checked by apply-
ing a known moment to the lower shaft and noting the dynamometer indi-
cation. The machine is stopped for this check, and a lever arm and
weight are used to provide the moment.
The machine is fitted with a diagram-recorder which provides a
curve of torsional moment vs. revolutions. The operator is offered the
choice of 160 or 8000 revolutions per centimeter of paper advance. Be-





HEAT TREATMENT OF THE SPECIMENS
The discs were first placed in an electric furnace at 810 C. (U4.9O F.
)
for one hour after which they were removed and allowed to cool in still air
for about 2$ minutes. No effort was made to control the atmosphere of the
furnaces, and thick scale formed on the red hot metal as they cooled. At
the end of the cooling period the specimens were inserted into a furnace
at 780 C. ( U4.35 F. ) where they remained for 30 minutes. They were then
quenched for about ten seconds in water at room temperature. After further
cooling for about ten minutes in air, the discs entered the tempering fur-
nace. Slack quenching as outlined aoove was used to prevent cracking of
the high-carbon test pieces ana was patterned after the method employed
by Rosenberg 111] at the National Bureau of Standaras. An indication of
the amount of heat remaining in the specimens when removed from the quench-
ing bath may be given by the fact that the surface water quickly boiled
away. No trouble with cracking of specimens was encountered.
The above procedure was followed for all of the specimens. A batch
method was employed to save tEne. Specimen Nos. 1 through lj.0 were made
up into four batches of ten discs each and were labeled A, B, C, and D»
Each of these sets was made by running steel wire through the center holes.
Heavy steel washers with, outer diameters of 1^ to li in. separated the
specimens.
In general, this preparation of sets of specimens left a £ood deal
to be desired. The flexible wire permitted sagging, and uneven heating
and cooling probably occurred as a result. When Batch A was removed
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from the second furnace for quenching, the wire parted. The red-hot
specimens fell to the laboratory floor and started ten small fires which
were extinguished with water from the quenching bath. This batch was
reassembled, and its heat treatment was begun anew.
Specimens Nos. kl through 87 were assembled into three sets of 12
discs each and into one set of 11 discs. Named £, F, G, and H, these
batches were assembled on fixtures manufactured from J in. steel rod.
Each fixture contained a straight section about seven inches long. On
one end a circular hook was formed to retain the specimens, and on the
other end threads were cut. The rod was inserted through the center
holes of the specimens using washers for separators as before. A nut
was added to the assembly and turned up tight to make a rigid and easi-
ly handled mass of metal. It should be noted that because of the washers,
the outer portions of the flat sides of the discs were free from contact
with other metal.
The tempering of each batch of material followed the slack quench-
ing by about ten minutes. Time of tempering was one hour for all eight
o o
batches, and a tempering temperature of 260 C. ($00 F. ) was used for the
first seven batches. Batch H was disassembled when cool, and ten of its
specimens were tempered individually using a variety of temperatures.
Throughout all phases of the heat treatment furnace temperatures
were checked with a portable thermocouple, for it was determined that
some of the installed furnace thermometers were unreliable.
The results of the heat treatment as indicated by hardness measure-
ments are shown in the following four pages. It will be noted that
specimen Nos. hi through 6U of Batches E and F had a fairly uniform
5U

hardness. However, many specimens of the other sets had a wide









1 U7, 55, 56, 57i, 574 5U4
2 58i, 57|, 58f 58
3 58, 59, 57i, 574, 58J 58
h 57i, Ul, 56|, 57|, 58, 584, UO, 39 51
5 5U, U8, 60 5U
6 spoiled in jgrinding -
7 52, 58J, 561b 58i 56
8 58, 38, UU, 58i U7
9 57, 58, 56, U2 53
10 57, $9, 57, U5, 52, Ul 52
11 58, 58, 57, 5U 57
12 56J, 57|, 37, 36, U3 U6
13 52, ill, 52 U8
Hi 38, 39, 55, U9, Uo, 39 U3
15 38, UX, ill, 51, 39, 374, 384 Ul
16 Uo, 39, 39 39
17 38, U5, 58, 38, $$ U7
18 Ul, 50, 39, UO U24
19 39, U3 Ul
20 U9, U2, 57 U94
21 57j, 58i, 584, 56i, UO, U5, 50 52
22 39, U3, ii84j, 50, U94, U6, U8 U6
23 56, $$, tthi 554, 53, 53, 5U 5U4
2U 5o, 5o, 55, SS S 57, 50, U9, 5U 524









26 1*9, 39, 36, 2+0 1*1
27 1*9^, 37*, 1*6, 1*8, lil, UlJ, 1*3, l+o, as i+5
28 1+7, 1+0, lai, 1+1§, U6, Ul h3
29 1+2, l+8f, 1+6, 1+2, 39|, l*7i kh
30 Slh Si, 58, 56^, S^, 58J 57i
31 57*, 57, 57, 57, 1*0, 58, 57* 55
32 hh, hSi, 5lf, 1*8, 1*8, 1+2 l+6i
33 1+6, U5, U5, 39, 39, 1*3 h3
31* 1+7, 1*5, %9, 1*1, 1*0, 1+5 1+3
35 1+7, 39, 37, 39i, 1+lJ, l+li
,
1*1* 1*1
36 1*1*, 52, 36J, 36J, 1+8 i*3i
37 37j, 39, 57, 39 1*3
38 3S{, k$h 1*8, l*7j, 1*0, UO, 38 1*2
39 56|, 58, 57|, 57^, 58, 57, 58 57i
1+0 SSh SS\, 58, 53, S6 f $3h 56 SSi
la 57i, 56, 58i, 58, 56, 58 Sl\
1*2 58, 58, 58, 57, 58, 58 58
1+3 So, 57j, 58, 57r, 56^ 57
kh 56^, 56|, 56, 51*, 55 55i
k$ 57, 57j, 57, 56, 57i 57
1+6 57, 57, 51*, 57, 57 K\
1+7 53*, 56J, 56i, 57, 56| 56
1+8 57j, 57, 57, SS, 57 57
h9 56, 56^, 56, 56, 56J 56































Hardness Measurements Average Hardness
Rockwell C Rockwell C
574, 574, 57, 58, 58 574
53?, 55, 56, 554, 5U4 55
55, 57j, 56|, 56J, 58 564
57i, 57, 57, 574, 58 574
56, 564, 57, 57, 55 564
534, 564, 56, 564, 56 554
55, 56J, 564, 554, 55 554
52j, 55, 554, 554, 55 5ii4
57, 564, 564, 57, 564 564
57, 57, 56J, 57, 57 57
5U4, 55, 56J, $kh 56 554
57, 564, 56J, 57, 57 57
56, 56, 57, 564, 564 564
554, 564, 564, 56, 56 56
57, 57, 564, 574, 564, ko 5k
ko, 57, 5k, kl, 57 51
56, U8, 57, 57, 36, 57 52
52, 53, 57, 55, 57 55
56, 57, 57, 57, 56, h5, 5h, 51 55
384, 534, 564, 564, 574 524 •
564, 594, 524, 55, 554 56
k2, 57, 56, 56, 57 534
534, 564, 57, 57, 56 55
564, 57, 554, 55, 57 56
57, 564, 564, 564, 57, 564 564
564, 564, 574, 574, 57 57
58

Ill ' l_ j I I ! !_ I
Tig. 15, Hartdnessxeadinigs vs. tempering temperature


























1 60 1*1 1*2 57i 58
2 50 1*3 1*1* 57 &\ '
3 1*0 U5 1*6 57 56J
1* 30 1*7 1*8 56 57
5 H*.5 h9 5o 56 551
6 - k.$ 51 52 57J ^
7 62.1* 53 51* 56^ 57i
8 52.ii ^ 56 56i Hi
9 1*2.1* 57 58 ^ 9x\
10 32. 1* $9 60 56^ 57
11 22.li 61 62 55i 57
12 20 63 6U 56-| $6
13 60 30 39 57| Sl\
11* 60 87 68 21*4 tt
15 60 86 71 29 56
16 60 85 73 33-| ^
17 60 81* 71* i*oi %
18 60 83 1*0 U3 55i
19 60 82 23 50 51*4
20 60 80 11 5oi 57
21 60 79 7 52 56
22 20 76 75 57 56i
23 60 30 * 1*1 * 57i 55i
21* 60 39 * 1*2 * 57* 56





Upper #1*1 Re 57^













11*1*. 1588 11*5.2320 - -
250 525 - - - -
600 1,537 - - - -
750 2,265 - - - -
1,000 1*,H*7 am - - -
2,000 10,987 - - - -
3,000 17,910 - - - -
l*,ooo 214,885 - - - -
5,000 32,020 LUU.1375 12*5.2263 .0213 .0057
10,000 68,265 11*1*. 1195 11*5.2067 .0393 .0253
15,000 10U,389 1M.1027 12*5.1661* .0561 .01*56
20,000 11*0,827 LUii. 0856 11*5.1702 .0732 .0618
25,000 177,612 11*1*. 0699 11*5.1550 .0889 .0770
30,000 215,107 11*1*. 0530 11*5.11*38 .1058 .0382
35,000 252,097 LUU.O366 11*5.1322 .1222 .0998
l*o,ooo 290,067 mil. 0199 11*5.1213 .1389 .1107
1*5, ooo 327,823 11*1*. 001*2 11*5.1106 .151*6 .1111*







Upper #U3 Re 57













145.2349 144.9629 - B
200 372 - - mm -
400 672 - - - -
5oo 858 - - - -
600 1,131 - - - -
700 1,455 - - - -
800 1,927 - - - -
900 2,483 B - - -
1,000 3,053 - - - -
i,5oo 5,963 - - - -
2,500 11,635 - - - -
5,000 25,944 145.2147 144.9551 .0202 .0078
10,000 55,759 145.1933 144.9384 .0366 .0235
15,000 86,019 145.1824 144.9195 .0525 .0434
20,000 116,751 11+5.1685 144.9030 .0664 .0599
25,000 147,295 145.1554 144.8869 .0795 .0760
30,000 178,158 145.11*25 144.8772 .0924 .0857
40,000 242,832 145.1127 144.8475 .1222 .1154







Upper #1*5 Re 57













HO*. 2113 11*5.2658 - -
200 266 - - - -
300 351* - - - -
Uoo kth - - - -
500 565 - - - -
600 690 - - - -
700 835 - - - -
800 1,012 - - - -
900 1,U28 - - - -
1,000 1,530 - - - -
i,5oo 3,612 - - - -
2,500 8,135 - - - -
5,000 19,553 HO*. 198 7 11*5.2657 .0126 .0001
10,000 1*3,930 110;. 1852 11*5.2509 .0261 .011*9
15,000 68,958 HO*. 1735 11*5.2381 .0378 .0277
20,000 91*, 101 mit. 1611 11*5.2268 .0502 .0390
25,000 118,980 110*. 11*89 11*5.2133 .0621* .0515
30,000 lii3,919 HO*. 1385 Lu5.20li6 .0728 .0612





































Upper #1*7 Re 56













11*14.9966 11*5.2352 - -
100 170 - - - -
200 238 - - - -
300 313 - - - -
1*00 395 - - - -
5oo 1*87 - - - -
700 720 - - - -
800 859 wm - - -
900 1,021* - - - -
1,000 1,210 - - - -
i,5oo 2,660 - - - -
2,000 h,k09 - - - -
2,500 6,175 - - - -
3,000 7,980 - mm - -
l*,ooo 11,610 - - mm -
5,000 15,251 11*1*. 9878 11*5.231*8 .0108 .0001*
10,000 3^,028 11*1*. 9762 11*5.2260 .0221* .0092
15,000 53,280 11*1*. 9659 11*5.2186 .0327 .0166
20,000 72,788 lhh.9^9 11*5.2116 .01*27 .0236
25,000 92,052 11*1*. 91*62 11*5.2033 .0521* .0319
30,000 111,308 114*. 9392 11*5.1988 .0591* .0361*






Load lii. 5 kg
Upper #1*9 Re 56
^













liUi. 1522 1UU.7665 - -
200 136 - - - -
1*00 221 - - - -
5oo 266 - - - -
600 308 - - - -
800 1*00 - - - - -
1,000 1*99 - - - -
i,5oo 780 - - - -
2,500 1,630 - - - -
5,000 6,51*0 114*. 1523 iWi. 7695 Gain Gain
10,000 17,162 mii.1513 li4i.7682 .0009 .0003
15,000 28,5Ut 11*1*.1512 mil. 7677 .0010 .0008
20,000 1*1,151* mi*. 11*11 11*1*. 761*8 .0111 .0037
25,000 5h,l08 Hil*.l355 Hill. 7606 .0167 .0079
30,000 67,891 UiU.1301 Hill. 7569 .0221 .0116
50,000 121,625 LUli.1055 Hili.7iili0 .OU67 .021*5
65,000 162,265 H*l*.081*8 H1I1. 7301 .0671* .0381*
115,000 589,118 urn. 0301 H|li.7l83 .1221 .0502
120,000 602,083 - - - -
125,000 615,673 urn. 0165 mil. 7110 .1357 .0575







Upper #51 Re $l\













11*5.1968 11*1*. 7081 - -
100 78 - - - -
200 io5 - - - -
300 132 - - - -
l*oo 158 - - - -
5oo 135 - - - -
800 273 - - -
1,000 3h0 - - - -
2,000 860 - - - -
3,000 1,965 - - - -
5,ooo 14,1*72 Iii5.1973
.
11*1*. 7079 Gain .0002
10,000 9,1*68 11*5.1969 11*1*. 7078 Gain .0003
15,000 15,078 11*5.1965 11*1*. 7071* .0003 .0007
20,000 20,585 11*5.1968 11*1*. 7071 .0000 .0010
25,000 26,211 11*5.1965 11*1*. 7061 .0003 .0020
30,000 32,1*82 11*5.1962 11*1*. 7061 .0006 .0020
1*0,000 1*5,382 11*5.191*7 11*1*. 701*7 .0021 .0031*
125,000 153, 2U7 11*5. Ih23 11*1*. 6979 .051*5 .0102
H*5,ooo 181*, 821* 11*5.1289 H*lw6969 .0679 .0112
185,000 238,028 11*5.1027 11*1*. 6939 .091*1 .011*2







Upper #53 Re 56*













mii.8i;08 11*5.2365 - -
5,000 32,537 lUi.8153 11*5.2275 .0255 .0090
10,000 70,092 lWu7982 11*5.2082 .02*26 .0283
15,000 ioS,ol;5 3M.7813 11*5.1905 .0595 • 0U60
20,000 11*6,119 1UU.76U9 11*5.1752 .0759 .0613
25,000 18U,313 114*. 71*96 11*5.1577 .0912 .0788
30,000 223,887 liili. 7321* 11*5.11*33 .1081; .0932
1*0,000 301,231 1U*.700U 11*5.1211; .11*01; .1151







Upper #55 Re 56J













ll*lu92l*8 Hl5.2l6l - -
5,000 28,116 U4I4.9066 11*5.2017 .0182 .oil*l*
10,000 60,167 11*1*. 0903 11*5.1831 .031*5 .0330
15,000 92,6U5 U*lu87U7 11*5.1628 .0501 .0533
20,000 125,13U mu.8605 11*5.11*62 .061*3 .0699
25,000 158,1*81* H*l*.81il*6 11*5.1298 .0802 .0863
30,000 192,279 11*1*. 8293 11*5.1218 .0955 .091*3
1*0,000 258,81*0 11*1*. 8009 11*5.1062 .1239 .1099







Upper #57 Re 55J
Lower #58 Re 51+§
Test M-Kg Upper Lower Upper Lower
Revs Work Grains Grams Loss Loss
12+5.3526 mil. 8339
5,000 23,651+ H+5.3353 H+I+.83I+2 .0173 Gain
10,000 50,288 11+5.3193 H+1+.8170 .0333 .0169
15,000 72,915 H+5.3053 H+1+.7997 .01+73 .031+2
20,000 10l+,983 H+5.2930 li+l+.7881+ .0596 .01+55
25,000 132,351+ H+5.2799 H+1+.7722 .0727 .0617
30,000 159,699 11+5.2671 11+1+.7600 .0855 .0739






Load 32. It kg
Upper #59 Re 56|













Hi5.2725 11*5. 2U51 - -
5,ooo IS,99k LU5.2616 I2i5.2li55 .0109 Gain
10,000 36,501 li45.2i;86 11*5.2355 .0239 .0096
15,000 57,1487 1145.2387 U45.2272 .0338 .0179
20,000 78,7^0 U45.2287 lii5.2172 .01438 .0279
^5,000 100,218 LU5.2191 U45.2103 .053U .03U8
30,000 121,725 Hi5.2093 Hi5.2058 .0632 .0393























Load 22. 1* kg
Upper #61 Re 55J













11*1*.U912 11*5.3933 - -
5,000 12,978 H*l*.l*365 11*5.391*1* .001*7 Gain
9,000 26,1*77 ll*l*.l*783 11*5.3913 .0129 .0020
15,000 k3,m 11*1*. 1*669 11*5.3878 .021*3 .oo55
20,000 614,001 ll*l*.i*582 11*5.3873 .0330 .0060
25,000 81,162 U4*.l*502 31*5.3875 .01*10 .0058
30,000 98,21*1 lkk.kk22 11*5.3878 .01*90 .0055
1*0,000 131,381* ll*l*.1*260 11*5.3856 .0652 .0077




































Upper #63 Re 56^













1U5.1369 11*1*. 7569 - -
5,ooo 11,607 11*5.1338 1M.7580 .0031 Gain
10,000 26,959 U*5.12l*9 11*1*. 751*2 .0120 .0027
15,000 1*2,21*1 11*5.1166 11*1*. 71*99 .0203 .0070
20,000 58,019 115.1095 11*1*. 71*91 .0271* .0078
25,000 73, hhl 11*5.1013 llil*. 71*66 .0356 .0103
30,000 89,552 11*5.0935 11*1*. 71*78 .OI43U .0091
35,000 10l*,7l5 U*5.o885 11*1*. 7389 .01*81* .0180
l*o,ooo 120,319 11*5.0819 llUi. 7353 .0550 .0216
h$, 000 136,1*1*6 11*5.0739 11*1*. 7315 .0630 .0251*
























Upper #30 Re $l\













3M.6391 ll*l*.l*698 - -
5,000 31,1*19 1UU.6261 11*1*. 1*677 .0130 .0021
10,000 68,153 1M.6113 11*1*. 1*1*76 .0278 .0222
15,000 105,687 1141.591*6 11*1*. 1*290 .01*1*5 .01*08
20,000 12^,050 HO*. 5796 L^;.l|173 .0595 .0525
25,000 182,1475 lW*. 561*7 H*l*.l*065 .071*1* .0633
30,000 220,567 ll*l*.51*87 11*1*. 3937 .0901; .0761
Uo,ooo 296,257 11*1*. 5175 11*1*. 3739 .1216 .0959




Fig. ^8, Curves of Tesxq-ts d
t--4— _._4
fttjn 4.3 ^t 60 ^g. "load irt
1























Ik 87 2hi 6ii0°C 68 55 15,120
15 86 29 586°C 71 $6 15,210
16 85 33i 522°C 73 55 ±k,9h0
17 8ii ' kci 1|52°C 7k $6 15,180
18 83 k3 i400°C ko K\ 15,380
19 82 50 280°C 23 $k\ 15,U30
20 80 5o§ 216°C 11 57 17,370 *
21 79 52 150°C 7 56 15,510
* Reading is not necessarily inconsistent. Load was





















LU 11*5.0169 11*1*. 1913 .8256 H*l*.68o6 H*l*.672l* .0082
15 Ili5.06l5 H*l*. 211*7 .81468 11*1*. 6812 n*i*.65i*2 .0270
16 11*6.2715 11*6.01*55 .2260 IM.836I Hill. 8123 .0238'
17 11*5.1227 lWi. 9351 .1876 H*l*.61*06 H*l*.6l2l* .0282
18 H*l*.8l56 11*1*. 61*03 .1753 1414.8523 specimen damaged
19 mi;. 9608 11*1*. 3982 .0626 11*5.1*1*68 11*5.1*272 .0196
20 11*14.6213 11*1*. 5651* .0559 li*5.67l*6 11*5.6729 .0017





Upper #76 Re 57













lUi.5829 lUi.6611 •» -
5,000 7,082 lUii.5817 liili.6613 .0012 Gain
10,000 19,780 lhh.$S2h 1M.6617 .0005 Gain
15,000 3U,276 ]lilu5752 3M.6595 .0077 .0016
20,000 50,256 LUu5655 li^.6535 .0171* .0076
25,000 66,500 UUw5587 Wi.6518 .02U2 .0093
30,000 83,093 li;U.5503 ll4i.6500 .0326 .0111
35,000 99,629 iiiii.51i25 3M.6ii99 .0U0U .0112
1*0,000 115,608 liili.53ii6 liili.6U95 .0U83 .0116
U5, ooo 131,520 H4n 5267 li^.6U79 .0562 .0132
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Upper #30 Re 57|
Lower #41 Re SSi
Specimens previousl;














142.4119 141.7948 - -
5,000 14,834 142.4115 141.7946 .0004 .0002
10,000 48,492 142.3969 litl.7836 .0150 .0112
15,000 82,446 142.3341 liil.76lii .0278 .0334
20,000 119,957 142.3680 141.7459 .0439 .0489
25,000 158,028 142.3509 341.7329 .0610 .0619
30,000 195,811 142.3350 141.7206 .0769 .0742
35,000 232,962 142.3192 141.7041 .0927 .0907
li0,000 271,565 142.3035 141.6943 .1084 .1005
45,ooo 306, 499 142.2862 141.6691 .1257 .1257





















































Load 60 kg Specimens previously
Upper #39 Re 57^ used and reground to













142.1929 ll|2. 91*55 - -
5,000 28,300 1142.1313 142.9466 .0116 Gain
10,000 64,380 142.1648 lli2.9213 .0231 .0242
15,000 100,525 142.1489 142.8989 .0440 .0466
20,000 137,053 142.1337 142.8767 .0592 .0668
25,000 173,998 142.1164 142.8650 .0765 .0805
30,000 212,22^9 142.1003 142.5516 .0926 .0939
35,000 249,303 142.0841 142.8392 .1088 .1063
4o,ooo 287,055 142.0689 142.8248 .1240 .1207
45,ooo 324,496 142.0535 142.3127 .1394 .1328






CALCULATION OF THE CONTACT STRESS
An equation for the maximum principle contact stress is given by
Seely and Smith |17j Tor the case of two cylinders in line contact with
a normal load only. This equation is
fl
<J\ -=- — -=£—
, where the z axis is normal to the
* A
surface of contact and where
%r - J %^ • «£*• is a constant as indicated below.
Substituting for b in the above expression,
<3^=- * " j^- , and therefore or = — J
z V
q is aefined as the normal load per unit length. For the case of
identical cylinders
/\-&f—~p — 2 flL^LlLttZLl where E and^J are the elastic con-E £ *
stants of the material and r is the cylinder radius.
The elastic constants of the material were unknown, and the below
values of Young's modulus, E, and the modulus of rigidity, G, were chosen
from a handbook [l8j •
&=. !=
,
and if E=29, 500,000 psi. and G=ll, 500,000 psi,
-2>= 0.285.
If the radius of the cylinders is one inch,
a XTr(iyo.7/5")0-285
v r




Due to the axial reciprocation of the swing the load per unit
length of cylinder, q, is not a constant for a given normal load.
The length of the specimens used was O.J4.O in., but at the points of
greatest reciprocation of the swing the line of contact was only 0.2U2
in. long. Therefore, maximum and minimum values of the maximum princ-
iple stress must be found.
Where L is the normal load in pounds,
When the normal load is 60 kg.,
0^^^= - 5.0?*\£^ c 0<Zi2oS « -5^200^0,










The above values are in close agreement with those calculated by
Rosenberg [llj • However, it must be stated again for emphasis that
these stresses are for the case of normal load only. In the case of
the test specimens, the axial reciprocation would introduce an axial
frictional force in addition to the tangential frictional force. These
96

Frictional forces combined with the normal force present a three
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